The kinetics of nerve commitment during head regeneration in Hydra were investigated using a newly developed assay for committed cells. Committed nerve precursors were assayed by their ability to continue nerve differentiation following explanation of small pieces of tissue. Committed nerve precursors appear at the site of regeneration within 6 hr after cutting and increase rapidly. The increase is localized to the site of regeneration and does not occur at proximal sites in the body column of the regenerate. The increase is delayed about 8-12 hr when regeneration occurs at sites lower in the body column. The results show, furthermore, that redistribution of committed precursors does not play a major role in the pattern of nerve differentiation during regeneration. Since the increase in committed nerves coincides with the increase in morphogenetic potential of the regenerating tissue, the results strengthen the idea that morphogenetic signals are involved directly in the control of nerve commitment in Hydra.
INTRODUCTION
Interstitial stem cells in Hydra continuously give rise to differentiated nerves and nematocytes (see Bode and David (1978) for review). The pattern of differentiation is not uniform throughout the body column: nerve differentiation occurs primarily in head and foot tissue whereas nematocyte differentiation occurs exclusively in the gastric region (David and Gierer, 1974) . This pattern of differentiation is qualitatively similar to the pattern of "morphogenetic potential" in Hydra. Furthermore, changes in morphogenetic potential which are localized at sites of head or foot regeneration (Webster and Wolpert, 1966; Hicklin et al., 1975; MacWilliams, 1981a,b) are followed by changes in the pattern stem cell differentiation which are also localized at the site of regeneration (Bode et al., 1973) . Taken together, these observations make it seem likely that nerve and nematocyte differentiation are controlled by the same signals which control other features of Hydra morphogenesis.
However, despite the clear correlation between morphogenetic signals and stem cell differentiation, evidence of a causal connection is lacking in part, because differentiation occurs much later than the commitment event at which a stem cell makes a decision for one pathway or the other. In order to get better information about the correlation between stem cell decisions and morphogenetic signals we need a way to assay the decision event itself. In the present report we describe a new method to assay nerve commitment and apply it to the problem of nerve commitment in regeneration. Our technique is analogous to the traditional embryological technique of explantation. Explantation removes cells from environmental signals which they are exposed to in situ and thereby tests their ability to differentiate independently of these signals. Cells which differentiate in explants are considered to be committed; uncommitted cells are those which fail to differentiate. Our test for nerve commitment involves in effect transplantation of cells from a regenerating head into a gastric environment. Regenerating tissue strongly favors nerve commitment; gastric tissue does not. Therefore, cells capable of nerve differentiation following transplantation into gastric tissue must be independent of signals causing nerve commitment.
We define such cells as committed.
In our first experiments we used a dissociation-reaggregation technique (Gierer et al., 1972) to transfer cells into a gastric environment.
Most of the tissue in such aggregates becomes gastric region; thus most cells incorporated into aggregates are transplanted into a gastric environment.
Committed cells continue differentiation in such aggregates; uncommitted stem cells give rise to clones (David and Murphy, 1977) . The aggregation procedure, however, is cumbersome for large numbers of samples. We have, therefore, turned to an alternative technique involving isolation of small pieces of Hydra tissue. Such isolates give rise to miniature Hydra with the appropriate proportion of head, gastric, and foot tissue (Bode and Bode, 1980) . Since the largest portion of such regenerates becomes gastric tissue, most cells in isolates are effectively transplanted into a gastric environment.
Once again this allows us to distinguish between committed and uncommitted nerve precursors.
354 DEVELOPMENTALBIOLOGY VOLUME 83.1981 In the present report we describe the isolation technique as a method for assaying nerve commitment. We then present experiments designed to assess the correlation between nerve commitment and morphogenetic signals during head regeneration.
The principal findings are that (1) nerve commitment starts shortly after cutting when the site of regeneration is high in the body column; (2) the increase in nerve commitment is confined to the future head region and does not occur elsewhere in the regenerate; and (3) nerve commitment begins later when the site of regeneration is lower in the body column. These findings are consistent with the idea that head "activation" (see Discussion) is a major signal controlling nerve commitment in J&&a.
MATERIALSANDMETHODS
Hydra attenuata were cultured at 1%19°C in 10m3 M CaClz, 10e3 M NaHC03, and 10e5 M EDTA. Cultures were fed daily with Artemia nauplii and washed 6 hours later.
Budless Hydra were used in all the experiments described here. Animals were selected from the culture 24 hr after the last feeding. Such animals contain about 9000 epithelial cells and about 40,000 total cells.
To induce head regeneration, heads were removed from Hydra below the tentacle ring. Regenerating tips were isolated by excising the distal one-fifth of the regenerate. Such isolated pieces contain about 1800 epithelial cells; the entire regenerate contains about 7500 epithelial cells. Regenerates and isolated pieces were maintained in closed petri dishes at 20-21'C at a density of 10 pieces per 15 ml of Hydra medium. In all experiments lo-20 regenerates or isolated pieces were analyzed per sample. Identification of cell types lq~ maceration. The maceration technique (David, 1973) Interstitial cells are identified by cluster size (Is, 2s, 4s, etc.) Large interstitial cells which occur singly or in pairs (referred to as ls+2s) consist of a mixture of stem cells and early committed cells for both nematocyte and nerve differentiation (David and Gierer, 1974) . Under normal growth conditions about 40% of ls+2s are stem cells and we use the number of ls+2s to estimate the size of the stem cell population (Sproull and David, 1979a Because of the small number of nerve cells in some of the samples reported here, macerations were prepared and analyzed using the modified procedures of Sproull and David (19'79a) . Pieces of tissue were macerated and fixed in about 0.2 ml total volume (exact volume was determined by weighing) and 50 ~1 of the cell suspension was spread over an area of about 1 cm2 on a gelatin-coated microscope slide. After drying to stick the cells to the slide, a drop of 10% glycerin and coverslip were added to the spread and nerves and epithelial cells were scored using a phase contrast microscope. Counts were done on several complete passes across the spread and the concentration of nerves and epithelial cells was then calculated in the original suspension. For the experiments reported here10-20 pieces were macerated together. From 50 to 200 nerves and 500 to 1000 epithelial cells were counted in analyzing cell numbers in a given sample.
Labeling with [3H]thvmidine. Whole Hydra or regenerates were labeled with [3H]thymidine by injecting the isotopes into the gastric cavity through the mouth or the regenerating surfaces (David and Campbell, 1972) . Animals were injected with 0.1 ~1 of isotope solution (100 &i/ml; 30 Ci/mmole). Under these conditions, all the isotope is taken up within about 45 min.
Labeled preparations were analyzed by autoradiography using Kodak AR10 stripping film. Differentiation of committed nerves in nitrogen mustad (NM) aggregates. Differentiation of nerves and nematocytes occurs normally in aggregates of Hydra tissue prepared from cell suspensions (Gierer et d., 1972) . In the present experiments aggregates were prepared from NM-treated Hydra which is depleted of ,interstitial cells. Details of the procedure have been described previously (David and Murphy, 1977; Sproull and David, 1979a) . Briefly, NM-treated Hydra were dissociated in cell culture medium.
Regenerating tips (mixed with several hundred NM-treated Hydra as carrier) were also dissociated in cell culture medium. Aliquots of the tip suspension were mixed with an excess of NM host suspension and centrifuged to form a pellet. Cell pellets were removed from the centrifuge tubes and incubated as previously described. Aggregates prepared in this way are uniform in size and morphology. They develop into normally proportioned Hydra tissue in about 4 days.
In the experiments described here, an aliquot of dissociated tip cells equivalent to one regenerating tip was added to each NM aggregate. To distinguish added tissue from NM host tissue, regenerating animals were labeled with ['Hlthymidine 1 hr prior to dissociation. After 48 hr incubation to allow differentiation of committed nerves (Gierer et aZ., 19'72) , the aggregates were macerated and scored for labelid nerves by autoradiography. Macerations were scored quantitatively as described above and the number of labeled nerves calculated per tip.
RESULTS

Appearance of Newly Differentiated
Nerves in Isolated Pieces of Hydra Tissue Small pieces of tissue isolated from Hydra readily regenerate and the regenerate has roughly normal proportions of head, foot, and gastric tissue (Bode and Bode, 1980) . Since the major portion of such isolated pieces is gastric tissue, isolation is equivalent to transplanting cells into a gastric environment.
In order to utilize isolates to assay nerve commitment, we first investigated the kinetics of nerve differentiation occurring in isolates as a result of their own regeneration. Figure 1 shows the appearance of newly differentiated nerve cells in small pieces of tissue isolated from the distal quarter of the gastric region. Pieces were excised from body column, incubated for varying periods of time, and macerated to determine the number of nerves and epithelial cells per piece. The results show that the ratio of Ne/Epi increases slowly from 0.045 to 0.055 during the first 12 hr of isolation; thereafter the Ne/Epi ratio increases rapidly to 0.12 at 24 hr. The change in the ratio is due entirely to changes in the number of nerves per isolate since the number of epithelial cells remain constant. The slow rate of increase between 0 and 12 hr corresponds to the normal rate of expansion of the nerve population during growth (David and Gierer, 1974) . By contrast the rapid rate of increase between 12 and 24 hr is much faster than the growth rate and represents differentiation of cells newly committed as a result of head and foot regeneration in the isolate. From this we conclude that 12 hr is sufficient time for the differentiation of committed nerve precursors present at the time of isolation but not sufficient time for the differentiation of cells committed in the isolate as a result of its own regeneration. We have therefore adopted 12 hr isolation as the standard time for scoring differentiation of committed cells. The slow increase in nerves between 0 and 12 hr corresponds primarily to differentiation of nerve precursors in G2 at the time of isolation since it is not inhibited by incubation of the isolates in hydroxyurea (Fig.  1 ) at a concentration which blocks cycling of Hgdru cells in S phase (Bode et al., 1976) . By contrast the rapid increase in nerves between 12 and 24 hr is completely inhibited by hydroxyurea and is therefore derived from cells in S phase at the time of isolation. Since this latter increase represents nerve commitment induced by regeneration, the results suggest that nerve commitment occurs in the S phase. We investigate this more directly in the accompanying report (Venugopal and David, 1981a) .
Appearance of Committed Nerves during Head Regeneration
During head regeneration there is a marked increase in nerve differentiation localized in the regenerating tip (Bode et al., 1973) . This increase is preceded by an increase in committed nerve precursors. To score the appearance of these cells we have used the 12-hr-isolation assay described above. Heads were cut off a group of Hydra and the animals were allowed to regenerate. At varying times regenerating tips were excised, incubated as isolated pieces for 12 hr and macerated. Figure 2 shows the ratio of Ne/Epi in such isolates at varying times of regeneration.
Starting shortly after cutting there is an increase in the number of committed nerve precursors in the regenerating tip. The increase in committed nerves is specific to the regenerating tip. Equivalent pieces isolated from the gastric region of nonregenerating control Hydra do not show any increase with time in committed nerves. Furthermore, pieces isolated from the proximal region of the regenerate also show no increase in committed nerves with time. from the rest of the regenerate. The conclusion, however, that these cells are committed depends on the assumption that isolation in fact removes the signals causing commitment.
If signals causing nerve commitment persist,in isolates for long periods of time, then cells in isolates are not adequately tested for the ability to differentiate in the absence of signals. Under these conditions the isolation assay would score not only committed cells but also cells which were not committed at the time of isolation but which became committed after isolation due to persistence of the regeneration signals in the isolate. We have investigated the possible role of signal persistence on commitment in two control experiments. In the first experiment we dissociated regenerating tips and transplanted the cells into aggregates of Hydra cells to assay differentiation of committed nerve cells. In the second experiment we measured the rate of nerve differentiation after isolation of regenerating tips to determine how rapidly the rate decays to a level characteristic of the gastric region.
Assay of committed nerves in reagpegates. We have used the dissociation-reaggregation technique (Gierer et al., 1972) to test the commitment of nerve precursors derived from regenerating tips. In such an experiment cells are transplanted immediately from the environment of a regenerating tip to a gastric environment. Thus cells are tested for their ability to differentiate in absence of signals causing nerve commitment.
Uncommitted stem cells give rise to clones in aggregates; committed cells differentiate (David and Murphy, 1977) . Heads were cut from a group of budless Hydra. After 0,6, and 12 hours of regeneration, the regenerating tips were excised and dissociated to single cells. One hour prior to sampling, regenerates were injected with [3H]thymidine to label nerve precursors. Aliquots of the cell suspension were then mixed with suspensions of dissociated cells from NM-treated Hydra and the mixture pelleted to form aggregates. The aggregates were incubated for 48 hr, during which time committed nerve cells completed differentiation, and were then macerated and scored for labeled nerve cells by autoradiography. The results in Fig. 3 show an increase in labeled nerve cells in the regenerating tissue compared to control tissue taken from the body column prior to regeneration (0-hr value). The increase in labeled cells is qualitatively similar to the increase in Ne/Epi determined in isolated pieces of regenerating tissue (Fig. 2) . In particular both results indicate the presence of committed nerves by 6 hr of regeneration. Since the tissue environment of the regenerating tip is completely destroyed by the dissociation procedure it is clear that the ability to differentiate is a property of the committed cells and does not require the continued presence of signals in the tip tissue. Since the kinetics of nerve commitment using the dissociation-reaggregation technique parallel the kinetics using the isolation technique, we conclude that the results obtained with the isolation technique are not due to persistence of signals following isolation.
Decay of nerve d$ferentiation signals in isolated tips. Nerve differentiation can be assayed as the appearance of labeled nerve cells following labeling of, stem cell precursors with rH]thymidine.
The ratio of labeled nerves to the size of the stem cell population (estimated as 1s + 2s) is a measure of the rate of nerve commitment (Sproull and David, 1979b) . The ratio is characteristically high in head and foot tissue but low in gastric tissue (David and Gierer, 1974 1981b). We have used this technique to assay the changes in nerve differentiation following isolation of regenerating tips. Heads were removed from 3 groups of budless Hydra. After 24 hr of regeneration the tips were excised and incubated as isolated pieces. Groups were labeled with [3H]thymidine 1 hr before and 5 and 11 hr after isolation of tips. Twenty-four hours after labeling the pieces were macerated, autoradiographed, and scored for labeled nerves and 1s + 2s. The results are shown in Fig. 4 . The ratio of labeled nerves to 1s + 2s is 0.27 in regenerating tips. This ratio is significantly higher than nonregenerating gastric tissue (0.03) but lower than fully differentiated head tissue (0.7) (Venugopal and David, 1981b) . After isolation of the tips the rate of nerve differentiation decreases sharply to 0.14 by 6 hr and 0.08 by 12 hr at which point it is equal to the average rate of nerve differentiation in control pieces regenerating both head and foot. The results suggest that the nerve commitment signal decays with a half-life of 4-6 hr following isolation. Thus, cells in isolates experience commitment signals significantly longer than cells transplanted to aggregates. Nevertheless the number of committed cells assayed by both procedures is qualitatively the same. This indicates that signal persistence does not markedly affect the results obtained with the isolation assay and thus justifies use of the assay. Possible implications of these observations are considered in the Discussion.
Origin of Committed Nerves at the Regenerating Tip
The body column of Hydra contains a small number of nerve precursors which are blocked in G2 phase of 4 . Decay in the rate of nerve differentiation following isolation of regenerating tips. After 24 hr regeneration, tips were excised and incubated as isolated pieces. Isolates were labeled with [*H]thymidine at -1, +5, and +ll hr (see text), macerated 24 hr after labeling, and scored for labeled nerves by autoradiography. Control pieces equivalent to regenerating tips were isolated from budless Hydra at the same time head regeneration was started (-24 hr); control pieces were incubated, labeled, and macerated in parallel with regenerating pieces. The ratio of labeled nerves (Ne*) to stem cells (1s + 2s) is plotted at the time of labeling. Isolated tips (0); control (0). the cell cycle (Schaller, 1976) . There is, in addition, evidence that interstitial cells migrate into regenerating tips during regeneration (Tardent and Morgenthaler, 1966; Yaross and Bode, 1978) . These facts raise the possibility that the committed nerves assayed in Fig. 2 might be partially derived from nerve precursors in G2 which migrated from the body column into regenerating tips. If this were true, then the increase in Fig. 2 should not be inhibited by treatment of regenerates with hydroxyurea which blocks cycling cells in S phase (Bode et al., 1976) . Table 1 shows, however, that the increase in committed nerves is almost completely inhibited by 0.01 M hydroxyurea. The results thus support the conclusion that nerve precursors in G2 in the body column do not contribute significantly to enhance nerve differentiation in the regenerating tip. The hydroxyurea experiment also indicates that the increase in nerve commitment during regeneration occurs from a cell population which is in S phase at the time of cutting.
Correlation of Nerve Commitment with Changes in Transplantation Prvperties of Hydra Tissue
The rapid increase in nerve commitment during head regeneration is similar to the increase in head "activation" (see Discussion) of the regenerating tip as assayed by transplantation.
This correlation suggests the possibility that nerve commitment may be controlled by the same signals which control activation. To test this hypothesis further, we have correlated nerve commitment with activation in two other experiments.
Transplantation experiments indicate that the rapid increase in activation is confined to the regenerating tip and does not extend significantly into the body column (MacWilliams, 1981b) . We have compared nerve commitment at the regenerating tip and a proximal site in the body column of the regenerate (Fig. 2) . The results show that increased nerve commitment in regen- Note. Budless Hydra were decapitated below the tentacles and allowed to regenerate in the presence or absence of 0.01 M hydroxyurea. After 12 hr, regenerating tips were excised and incubated for an additional 12 hr in hydroxyurea or Hydra medium. Isolated pieces were macerated and scored for nerves and epithelial cells. The Ne/Epi ratio of an equivalent piece of tissue excised (and incubated for 12 hr) from nonregenerating Hydra is shown for comparison (Fig. 1) . DEVELOPMENTAL BIOLOGY VOLUME 83, 1281 erates is confined to the regenerating tip and does not occur to a measurable extent at a proximal site in the body column of the regenerate. The length of time required for regenerating tissue to acquire activation levels characteristic of the head depends on the position of the cut. Cuts made in the upper part of the body column acquire activation levels characteristic of head tissue in 2-4 hr of regeneration; by comparison cuts in the lower body column require 8-13 hr to achieve activation levels characteristic of head tissue (Webster and Wolpert, 1966; Hicklin et al., 19'75; MacWilliams, 1981b) . We have investigated nerve commitment under similar conditions. The results in Fig. 5 show that the increase in nerve commitment begins earlier at distal cuts than at proximal cuts. Judging from the displacement of the two parallel curves, nerve commitment starts to increase shortly after cutting at sites in the distal gastric region and 8-12 hr after cutting at sites in the proximal gastric region. The results are thus consistent with the idea that a particular level of activation typical of head tissue is necessary for extensive nerve commitment.
DISCUSSION
The molecular basis of cell commitment is presently unknown. Indeed it may be different for different cell types. Nevertheless, in most cells it appears to be an early event in a series of changes by which uncommitted cells are transformed into terminally differentiated cell types. For cells whose differentiated fate depends on environmental signals (e.g., positional information) commitment can be taken as the moment at which differentiation of the cell becomes independent of those signals. Transplantation of cells to a signal-free environment can thus form the basis of a test for commitment.
We describe here an isolation technique for assaying of committed nerves during head regeneration at cut sites in distal and proximal gastric region. Budless Hydra were cut under the tentacles or in the proximal gastric region and allowed to regenerate heads. The regenerating tips were excised at times indicated, incubated for 12 hr, macerated, and scored for nerves and epithelial cells. The Ne/Epi ratio is plotted at time of isolation from regenerates.
Distal gastric region (0); proximal gastric region (0). committed nerve cells in Hydra. The technique amounts effectively to transplantation of cells into a gastric environment.
Since nerve commitment occurs at a low frequency in the gastric region compared to a very high frequency in head and foot regions (David and Gierer, 1974; Venugopal and David, 1981b) , our test appears to represent a stringent test for nerve commitment.
The technique takes advantage of the fact that small pieces of Hydra regenerate well and that regeneration is accompanied by proportion regulation (Bode and Bode, 1980) . Since most of the body column is gastric tissue, most of the isolated piece becomes gastric tissue. Thus, when a piece of tissue is isolated, cells are transplanted into a gastric environment.
Cells which continue to differentiate nerves under these conditions we define as committed.
An essential property of an assay for nerve commitment is that the signal causing commitment not be present in the environment in which cells are tested. The simple isolation technique, however, does not achieve this ideal result until about 6 hr after isolation (Fig. 4) . Nevertheless, the results with the isolation technique are qualitatively similar to the results using the dissociation-reaggregation technique (Fig. 3 ) in which cells are immediately transplanted into a gastric environment. This observation suggests that cells committed after isolation (due to persistence of the commitment signal) are not measured in our assay. Thus the time from commitment to differentiation can not be much less than 12 hr. Since the results in Fig. 1 indicate that the time from commitment to differentiation in isolated pieces is not more than 12 hr, the choice of a 12-hr isolation period to assay committed nerve precursors appears to be appropriate.
Length of Commitment Process
The conclusion that the isolation technique only scores preisolation commitment and the observation that isolates and aggregates yield qualitatively the same number of committed cells permits a rough estimate of the duration of the commitment process. If the commitment process were of short duration, then a regenerating tip would contain only committed cells and stem cells, and we would expect aggregates and isolates to yield essentially similar results. If, on the other hand, the commitment process were comparatively long, e.g., required a 6-hr incubation in a regenerating environment, then regenerating lips would contain two classes of cells: those which have completed the commitment process and those which have begun but not completed the commitment process. We anticipate that aggregates and isolates would assay fully committed cells equally well but that only isolates (in which commitment signals persist) would be able to assay partially committed cells whereas aggregates (in which commitment signals are absent) would not assay such cells. Since isolates and aggregates yield similar numbers of committed cells, the results suggest that partially committed cells are infrequent. Thus the duration of the commitment process appears to be relatively short, probably less than 3 hr.
Rate of Nerve Commitment in Regenerating Tips
It is interesting to estimate the rate of nerve commitment in the stem cell population in regenerating tips. The change in Ne/Epi from 0 to 12 hr of regeneration (Fig. 2) corresponds to an increase of about 40 committed nerve precursors per tip (0.05 Ne/Epi X 1800 Epi/piece X 1 precursor/2 nerve cells). The number of stem cells in such a tip is about 200 (500 1s + Zs/piece X 0.4 stem&s + 2s; David and Plotnick (1980) ). Assuming that commitment occurs at a unique point in the cell cycle (Berking, 1979; Venugopal and David, 1981a) and that the stem cell cycle is 24 hr (Campbell and David, 1974) , the results suggest that 40% of all available stem cells in a regenerating tip are committed in a 12-hr period. This proportion may be even higher if activation (see below) starts at the cut surface and progresses proximally as suggested by recent theoretical models (MacWilliams, 1980b) . In either case the rate is high compared to the 2.5% of stem cells which are committed to nerve differentiation during a 12-hr period in nonregenerating gastric tissue (David and Gierer, 1974; Venugopal and David, 1981b) . Thus, the regenerating environment dramatically alters the rate of nerve commitment in the stem cell population.
Sorting Out versus Local Cell Commitment
We have shown previously that the pattern of nerve differentiation in the body column of intact (nonregenerating) Hydra is due to a pattern in nerve commitment rather than sorting out of committed precursors (Venugopal and David, 1981b) . The pattern of nerve commitment is due to signals localized in specific regions of Hydra. By analogy, it would appear likely that the appearance of committed nerve precursors in the regenerating tip is due to commitment localized in this region. However, there are reports in the literature of interstitial cells migrating into regenerating tips (Tardent and Morgenthaler, 1966; Yaross and Bode, 1978 ). Thus, it is possible that, under conditions of regeneration, migration of committed nerves cells plays a role in the rapid appearance of committed cells at the tip. The possibility is particularly relevant because of the large number of nerve precursors in G2 in the body column (Schaller, 1976) . From the results in Fig. 1 we estimate that the number of G2 nerve precursors in the body column of our Hydra is about 40 (0.1 Ne/Epi (Fig.  1 ) X 8000 epithelial cells/body column X 1 precursor/ 2 nerves), which corresponds approximately to the number of committed nerve precursors appearing at the tip in the first 12 hr of regeneration (see above). To test whether G2 nerve precursors from the body column contribute to committed nerves at the regenerating tip, we incubated regenerates in hydroxyurea. Table 1 shows that incubation in hydroxyurea almost completely inhibits the appearance of committed nerve precursors at the site of regeneration.
This indicates that migration of nerve precursors in G2 from the body column into the regenerating tip does not contribute significantly to the increase in nerve cells at that site. Thus, the observed pattern of nerve differentiation during regeneration is not due to sorting out of nerve precursors to the site of regeneration. In this regard nerve differentiation is similar in head regeneration and normal animals.
Role of Morphogenetic Signals in Nerve Commitment
Extensive tissue transplantation experiments have been used to characterize the signals which control normal morphogenesis and regeneration in Hydra (Wolpert et al., 1971; Webster, 1971; MacWilliams et al., 1970; MaeWilliams, 1981a,b) . These experiments will be summarized briefly in order to outline basic features of the signaling system. Small pieces of head tissue transplanted to the gastric region almost always induce tissue at the graft site to form a head out the side of the animal. Transplants of gastric tissue do not generally induce heads but are simply incorporated into the host organism at the site of transplantation.
During head regeneration, however, gastric tissue rapidly acquires the ability to induce heads when transplanted. The ability to induce heads has been termed "activation" and is a quantitative measure of the morphogenetic potential of a piece of tissue. Head tissue and tissue regenerating heads express high levels of head activation; gastric tissue expresses a low level of head activation. In addition to localization in normal Hydra two features of the signals controlling head activation are relevant to nerve commitment:
(1) the increase in head activation during regeneration is restricted to the site of regeneration and does not occur elsewhere in the regenerate; (2) head activation is lower at proximal positions in the body column and it takes longer during regeneration to achieve activation levels typical of head tissue. DEVELOPMENTAL BIOLQGY VOLUME 83, 198l Results presented here show that during head regeneration nerve commitment increases rapidly starting shortly after cutting (Fig. 2) . The increase is confined to the site of regeneration and does not occur elsewhere in the regenerate (Fig. 2) . Furthermore, the increase in nerve commitment is delayed when regeneration occurs at sites lower in the body column (Fig. 5) . In all three situations the pattern of nerve commitment appears to be closely correlated with the level of activation in tissue: high levels of activation are associated with high levels of nerve commitment; low levels of activation are associated with low levels of nerve commitment. The correlation can also be extended to the pattern of nerve commitment in normal animals. Nerve commitment is localized in head and foot (Venugopal and David, 1981b) which express high levels of activation for head and foot tissue, respectively.
The close correlation between nerve commitment and activation strongly suggests that both properties are controlled by the same signals. It is interesting in this regard that an inhibitor from Hydra which can block nerve commitment is also known to block increases in the level of activation (Berking, 1979) .
